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Abstract Measurements of conduction electron spin

resonance, temperature-dependent magnetization, small

angle neutron scattering, and transmission electron

microscopy were used for the analysis of chemical non-

homogeneity in austenitic steels with carbon ? nitrogen or

carbon only. It is shown that all studied steels are charac-

terized by a nonhomogeneous distribution of alloying ele-

ments on the fine scale: from 3 to 5 nm in CrMnCN steels

to about 30 nm in MnC Hadfield type steel. In the CN

steels, their chemical homogeneity is improved by

decreasing the C/N ratio. A ferromagnetic-type tempera-

ture behavior is observed in the CN steels at temperatures

below 86 K, which is attributed to the blocking of magnetic

moments of superparamagnetic clusters. The short-range

decomposition of all studied steels results in a different

splitting of dislocations, which corresponds to two different

values of the stacking fault energy.

Introduction

The correlation between atomic interaction and atomic

distribution in iron-based alloys was the topic of studies

[1–5]. It was shown that an enhanced metallic character of

interatomic bonds, i.e. an increase in the concentration of

conduction (free) electrons at the Fermi level assists short-

range ordering in solid solutions, whereas covalent bonds

promote clustering. In turn, the thermodynamic stability is

increased if the distribution of solute atoms is characterized

by a tendency toward atomic ordering and decreased if the

solute atoms are prone to form clusters.

Comparative studies of martensitic chromium steels

alloyed with nitrogen or carbon (see e.g. [3]) have shown

that, in contrast to carbon, nitrogen increases the stability of

austenite to martensitic transformation as well as the stability

of martensite to precipitation during tempering. Thus,

nitrogen is a stronger stabilizer of both austenitic and mar-

tensitic solid solutions. It was also found in these studies that

alloying with nitrogen ? carbon is most effective in stabi-

lizing both, austenitic and martensitic solid solutions in

relation to transformation and precipitation.

The present study is aimed at investigating in more

detail the effect of the C ? N concentration and, particu-

larly, the C/N ratio on the electronic properties of chemical

nonhomogeneities in the iron-based fcc solid solution.

Along with the austenitic C ? N steels, a Hadfield steel is

taken for comparison.

The conduction electron spin resonance (CESR) allows

to measure the concentration of conduction electrons in

paramagnetic objects. At the same time, due to measure-

ments of the g-factor (factor of splitting of the electron

energy levels under an applied magnetic field) and the

temperature dependence of the magnetic susceptibility, one

can investigate the interaction between conduction and
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localized electrons, which provides quantitative data about

the fractions of single substitutional d-atoms and their su-

perparamagnetic clusters, i.e. it allows to estimate the

distribution of the transition metal atoms (Cr, Ni, Mn etc.)

in the solid solution (see [2] for details).

The obtained CESR data on inhomogeneous concen-

trations were compared with those studied by small angle

scattering of neutrons (SANS), magnetic measurements,

and TEM studies of the stacking fault energy (SFE).

Experimental

The chemical composition of three CrMnCN steels and the

Hadfield steel C1.2 is given in Table 1. The CrMnCN

steels are designated by their C ? N content. At an almost

equal nitrogen content, the carbon content decreases from

CN1.07 to CN0.85.

CrMnCN melts of 3 metric tons were poured to ingots and

subsequently electro-slag-remelted and hot worked to Ø

125 mm. Specimens were taken in longitudinal direction at

2/3 radius by electro-sparc-erosion, solution annealed and

quenched in water. The respective temperatures were

1,100 �C for CN0.85 and CN0.96, but 1,175 �C for CN1.07.

After machining to final size, the light optical examination

revealed a fully austenitic microstructure. The Hadfield steel

was stemmed from 100 mm2 square hot-worked stock. The

respective specimens were quenched from 1,100 �C in

water. Plates of 5 mm thickness were used for SANS. They

were thinned to 65 lm thickness for CESR.

An electron paramagnetic resonance (EPR) spectrome-

ter with a frequency m = 9.3 GHz, a microwave field

power P = 10 dB, a modulating field with modulation

amplitude Hm = 2 9 10-4 T and frequency mm = 105 Hz

was used for the measurements. The CESR signals were

recorded within the temperature interval of 20–300 K. The

resolution of the CESR spectra is determined by the quality

of resonator, which affects the signal/noise ratio and can be

decreased by metallic samples. It can be estimated from

Fig. 1a, b. For steel CN0.85, the signal/noise ratio was

about 5,000, which is very good, whereas in the case of

measurements on steels CN1.07 and CN0.96 the noise was

higher leading to a ratio of about 1,000 which is smaller but

still allows to record the signal with sufficient accuracy.

The amplitude of signals was measured in relative units

of the EPR intensity of the reference sample I0 = Iref

(T = 1 K). A piece of borate glass having 8 9 1014 spins

was used as a reference sample for the determination of the

free electron concentration. The neutron scattering mea-

surements were carried out using the SANS facility

‘‘Vector’’ in the WWR-M reactor of the Nuclear Physics

Institute at St. Petersburg, at a wave length of k = 9.2 Å

(Dk/k = 0.25). This instrument is equipped with a

20-counter (3He) detector and a multichannel analyzer

which operated in slit geometry within the momentum

q = 2ph/k transfer range of 1.5 9 10-3 to 3 9 10-1 Å-1

Table 1 Chemical compositions (mass%)

Elements steel C N Cr Mn Ni Si Mo C ? N C/N

CN1.07 0.489 0.578 18.8 18.9 0.40 0.43 0.07 1.07 0.85

CN0.96 0.344 0.614 18.2 18.9 0.34 0.30 0.06 0.96 0.56

CN0.85 0.256 0.596 18.3 18.4 0.10 0.54 0.02 1.07 0.43

C1.2 1.19 0.009 0.2 12.1 0.10 0.49 – 1.20 –

Fig. 1 ESR spectra of steels CN1.07, 0.96 (a) and CN0.85 (b)
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(q = k - k0, where k, k0 are the wave vectors of falling

and scattered neutrons, respectively). The polarization of

the falling beam was P0 = 92%. Measurements were per-

formed at room temperature under zero magnetic field.

The Quantum Design Physical Properties Measurement

System (PPMS-14T) with a maximum magnetic field of

14 T and a temperature range of 1.8 to 300 K was used for

magnetic measurements.

Measurements of the dislocation triple node radius were

used to determine the SFE according to the method

described in [6]. For this the transmission electron micro-

scope JEM-2000 FXII operating at a voltage of 200 kV

was used. In each studied steel, about thirty to sixty triple

nodes were investigated.

CESR results

CESR spectra

Figure 1 shows the spectra of the steels CN1.07, CN0.96,

and CN0.85. One can see that the spectra of CN1.07 and

CN0.96 are similar, whereas the spectrum of CN0.85 is

quite different. At 60 K, the steels CN1.07 and CN0.96

give resonance signals of complex multiple structure (see

Fig. 1a), indicating a submicron-inhomogeneous system.

The measured samples have a high conductivity and

decrease the quality of the resonator in the EPR spec-

trometer. For this reason, we needed to use a large

amplification coefficient and take packets of two or several

thin foils. The theoretical analysis of the spectra shows that

they consist of two resonance signals with different phases:

one signal has a zero phase and is related to the localized

paramagnetic centers, the other signal has a 180o-phase and

is related to conduction electrons. Both spectra were

recorded under the same experimental conditions. The

narrow line of extremely low integral intensity in the

spectra of both steels has a factor of spectroscopic splitting

(g-factor) g = 2.0028, which is specific for dangle carbon

bonds. This can stem from the presence of small undis-

solved carbide particles in the matrix, which were not

resolved in TEM studies. The part of the spectrum related

to the conduction electrons is larger in CN0.96 than in

CN1.07.

Figure 1b shows the CESR spectrum of steel CN0.85,

recorded at T = 130 K. Like the spectra of CN0.96 and

CN1.07, this spectrum consists of two main components.

One wide spectral line has an asymmetrical line-shape, a

so-called Dyson line-shape, typical for free electron spin

resonance in samples of thickness d [ d, where d is the

skin layer depth. The second spectral line is a narrow signal

with a Lorentz line-shape which is typical for localized

paramagnetic centers (PC1). Besides this, two very small

lines are observed at the left wing of the PC1 signal. They

look like a superfine splitting of the resonance signal,

which belongs to other localized centers PC2 with a

nuclear spin of I = 1/2. The iron isotope Fe57 is the only

element in the studied alloy having nuclei with a spin of

I = 1/2. We did not analyze these lines because they were

too small. Possibly, because of their small value and the

low signal/noise ratio, they were not observed in the

samples CN0.96 and CN1.07.

Temperature dependence of the resonance spectra

As an example, the resonance signals from steel CN1.07

observed at temperatures of 20 K \ T \ 140 K are pre-

sented in Fig. 2. Figure 3a, b presents spectra from steel

CN0.85 measured in two temperature ranges. The spectrum

at T = 320 K (see Fig. 3a) was recorded simultaneously

with the CESR signal of the reference sample, which is

seen at a magnetic field of H = 0.16 T.

Starting from 85 K, a reversible phase transformation is

observed from paramagnetic to some new magnetic state

within a temperature range of about 3 K (Fig. 3b). The

absorption signal is very intensive and looks like a ferro-

magnetic absorption. It increases and broadens if the

temperature decreases to 83 K. At temperatures below

83 K, the signal is not remarkably changed, the spectral

line of conduction electrons disappears, the narrow line of

the localized paramagnetic centers decreases and can be

observed in the background of this broad signal.

This transformation may indicate the transition from a

paramagnetic to a ferromagnetic state or to blocked mag-

netic moments of superparamagnetic clusters, which is

discussed in Sect. 4 where the measurements of static

magnetization are described.

Fig. 2 ESR spectra of steel CN1.07 measured at different

temperatures

J Mater Sci (2011) 46:7725–7736 7727

123



Analysis of spectral characteristics

The analysis of the paramagnetic spin resonance spectra of

each temperature measured was carried out within the

range of 20–140 K for steel CN1.07 and of 86–320 K for

steel CN0.85. For steel CN0.96, we used the spectrum

obtained at T = 60 K in comparison with the spectrum of

CN1.07 at the same temperature.

The experimental EPR lines were described by the

calculated derivative of the Lorentz function

fL xð Þ ¼ dL xð Þ=dx ¼ �2A � x= 1þ x2
� �2

; ð1Þ

where x = (Hres - H)/DH, H is the magnetic field and Hres

is the value of the resonance magnetic field which is

determined from the condition fL(x) = 0.

The signal of conduction electrons is described by the

calculated derivative of the ESR signal. The latter is a

function of x and the parameter R = d2/de
2, where d is the

skin layer depth and de is the diffusion length of the

electron for the spin relaxation time.

Using the theoretical function given in [1, 7], the theo-

retical curves of the derivative of the CESR signal line-

shape fC(x,R) were calculated for different R values within

the range of 0.01–10. The obtained curves were used to fit

fL(x) ? fC(x,R) to the experimental spectra. For all

CN0.1.07 and CN0.96 spectra, R = 0.5 was found,

whereas R changed from 0.5 at T = 100 K to 1.0 at

T = 270 K for steel CN0.85. As will be shown further in

Sects. 3.3.1 and 3.3.2 (see also Table 2), the increase of

R in steel CN0.85 is due to a stronger scattering of free

electrons on paramagnetic centers as well as superpara-

magnetic clusters. At T C 290 K, the CESR signal of

CN0.85 became symmetrical and was described by the

fL(x) function, indicating the skin layer depth to increase up

to the sample thickness d = 65 lm. Figure 1b shows the

result of fitting the calculated sum of two functions

fL(x) and fC(x,R = 0.5) at T = 130 K.

The spectra of the samples CN0.1.07 and CN0.96 con-

sist of the signal from localized spins of phase / = 0 and

fC(x; R = 0.5) with a phase of 180�. Such a phase is typical

for CESR of the conduction electron subsystem if the

conditions of a ‘‘phonon bottleneck’’ are broken, i.e. the

exchange interaction between conduction electrons and

localized paramagnetic centers is small and, correspond-

ingly, two signals are observed separately.

As a result of the analysis, the main parameters of the

resonance signals (the resonance magnetic field for two

signals Hres,1 and Hres,2, the line-widths DH1 and DH2, the

integral intensities I1 and I2) were determined from the

fitting and will be discussed in Sects. 3.3.1 and 3.3.2.

Concentration of conduction and localized electrons

The temperature dependence of integral signal intensities is

estimated after double integration and compared with the

reference sample containing 8 9 1014 spins. The values Ie,

Iloc are the resonance integral signal intensities of con-

duction electrons and of localized centers, respectively. I0

stands for the integral intensity of the ESR signal of the

reference sample reduced to T = 1 K. Its temperature

dependence is described by the Curie–Weiss law, Iref = I0/

T. Functions Ie(T)/I0 and Iloc(T)/I0 are presented by scatters

Fig. 3 Temperature behavior of ESR spectra in steel CN0.85 above

85 K (a) and magnetic resonance in CN0.85 at temperatures B85 K

(b)

Table 2 Characteristics of paramagnetic systems

Steel Ne,

1022 cm-3
Nloc,

1018 cm-3
vP,

10-7
C,

10-6 K

a,

106
hp,

K

CN1.07 2.0 1.0 3.04 0.77 -1.42 -131.5

CN0.96 2.9 0.77 4.41 0.55 – -74

CN0.85 2.8 1.5 4.26 0.93 – 86
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of the steels CN1.07, CN0.96 in Fig. 4a and of CN0.85 in

Fig. 4b.

The integral intensity of the resonance signal from

conduction electrons is mainly determined by the Pauli

magnetic susceptibility which does not depend on tem-

perature. However, Ie contains a small additive contribu-

tion depending on I according to the Curie–Weiss law,

which is due to spin cross-relaxation caused by the

exchange interaction between free electrons and localized

centers. Particularly, this contribution occurs in steel

CN1.07 and is too small to be observed in steels CN0.96

and CN0.85.

The curves shown by lines in Fig. 4a, b are calculated

according to the following equations:

for CN1:07 : Ie;1=I0 ¼ 0:423þ 26:5= T þ 131:5ð Þ;
Iloc;1=I0 ¼ 220= T þ 131:5ð Þ

ð2aÞ

for CN0:96 : Ie;2=I0 ¼ 1:2; Iloc;2=I0 ¼ 188= T þ 74ð Þ
ð2bÞ

for CN0:85 : Ie;3=I0 ¼ 0:27; Iloc;3=I0 ¼ 0:67= T � 86ð Þ
ð2cÞ

These curves describe the experimental data satis-

factorily. It follows from (2a) that Ie,1/I0 = 3.2. Now we

can estimate the conduction electron concentration in the

samples CN1.07, CN0.96, and CN0.85 of volume V:

Ne ¼ 8=9ð Þ � gref=geð Þ2 Ie=I0ð Þ � EF=kð Þ � S Sþ 1ð Þ½ � � Nref=V

¼ 2:47 � 1020 � Ie=I0ð Þ=V : ð3Þ

For paramagnetic centers in the borate glass reference

sample, we have gref/ge = 1.94 and spin S = 1/2. EF is the

Fermi energy, k is the Boltzmann constant, Ie,1/I0 = 0.423;

Ie,2/I0 = 1.2; Ie,3/I0 = 0.28; (EF/k) = 1.23 9 105 at T =

1 K; VCN1.07 = 0.0052 cm3, VCN0.96 = 0.0104 cm3, VCN0.85 =

0.0024 cm3.

Thus, the concentration of conduction electrons Nce in

samples CN1.07, CN0.96, and CN0.85 is equal to

2.0 9 1022, 2.9 9 1022, and 2.8 9 1022, respectively.

The Eqs. 2a–c also allow to obtain the concentration of

localized paramagnetic centers. At T = 1 K, we find:

Iloc CN1:07ð Þ=I0 ¼ 1:66; Iloc CN0:96ð Þ=I0 ¼ 2:5: ð4Þ

For steel CN0.85, we take this ratio at T = 100 K, i.e.

sufficiently far away from the transformation temperature:

Iloc CN0:85; 100 Kð Þ=Iref 100 Kð Þ ¼ 100 � Iloc;3=I0 ¼ 4:8:

ð5Þ

Therefore, the concentration of localized paramagnetic

centers in the samples is:

Nloc CN1:07ð Þ ¼1:66 �4 �8 �1014=VCN1:07¼1:0 �1018 cm�3;

NlocðCN0:96Þ ¼2:5 �4 �8 �1014=VCN0:96¼ 0:77 �1018 cm�3;

Nloc CN0:85ð Þ ¼4:8 �4 �8 �1014=VCN0:85¼1:5 �1018 cm�3:

ð6Þ

The Curie–Weiss constant can be calculated according

to the known formula:

CCN1:07 ¼ g2b2S Sþ 1ð Þ � N loc= 3kBð Þ
¼ 0:77 � 10�6; CCN0:96 ¼ 0:55 � 10�6 K; CCN0:85

¼ 0:93 � 10�6 K:

ð7Þ

The obtained spin concentrations allow to find the Pauli

paramagnetic susceptibility of the conduction electron spin

Fig. 4 Temperature dependence of the integral intensitiesof the EPR

signals from conduction electrons (Ie/I0) and localized centers (Iloc/I0)

in steels CN1.07, CN0.96 (a), and CN0.85 (b). The values calculated

using Eq. 2a are presented by dashed lines
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subsystem, vP = 0.5 g2(lB
2 D(EF) = (3/8)�5 g2(lB

2 Ne/EF)

which is given in Table 2.

Resonance fields

Figure 5a shows the temperature dependence of the reso-

nance fields of conduction electrons and of localized

paramagnetic centers (localized electrons) in steel CN1.07.

Two paramagnetic subsystems, conduction electrons and

localized spins of the host atoms in the metallic alloys,

connect each other due to the exchange interaction. It is

shown in [8] that, if the cross-relaxation is quicker than the

spin-phonon relaxation of the conduction electron spin

subsystem, the large exchange interaction causes an

intensive cross-relaxation between two spin subsystems

and a ‘‘phonon bottleneck’’. In this case, the magnetiza-

tions of both subsystems are united and we observe only

one ESR signal with properties depending on the charac-

teristics of both subsystems. This is the usual situation in

iron-based alloys (see e.g. [2, 4]).

However in steel CN1.07, we observe two separated

subsystems and, therefore, a ‘‘broken bottleneck’’ occurs

and the rate of spin-phonon relaxation is higher than that of

the cross-relaxation. Nevertheless, the exchange interaction

between the two subsystems occurs and results in a tem-

perature dependence of the resonance fields depending on

the magnetic susceptibility of the second subsystem.

The following equations describe the experimental

temperature dependence of the resonance magnetic field:

Hres;e CN1:07ð Þ ¼ H0;e 1þ a � C= T � hp

� �� �
;

H0;e ¼ 3475:8 G; a � C ¼ �1:094; hp ¼ �131:5 K:
ð8aÞ

Hres;loc CN1:07ð Þ ¼ ðH0;loc þ T � hp

� �
� H0;e � v 1ð Þ

P =CÞ=

� 1þ T � hp

� �
� vð1ÞP =C

� �
;

H0;loc ¼ 3275 G; H0;e ¼ 3475:8 G; v 1ð Þ
P =C ¼ 2:5 � 10�3:

ð8bÞ

H0e, H0,loc are the values of the resonance magnetic fields

of the conduction electron and the localized spin subsys-

tems in absence of a second spin subsystem; a is a

dimensionless parameter of the exchange interaction

between two subsystems; C is the Curie–Weiss constant for

paramagnetic susceptibility of localized spins vC–W; hp is

the paramagnetic temperature in the Curie–Weiss law for

vC–W(T) = C/(T - hp); vP is the Pauli paramagnetic sus-

ceptibility of the conduction electron subsystem.

The sign and value of hp characterize the exchange

interaction between the localized spins. In this steel, the

host atoms having spins are bound by the antiferromagnetic

exchange interaction, the value of which is about 0.01 eV

(hp = -131.5 K).

Equation 8a describes the contribution of the local

exchange field from the localized spin subsystem to the

resonance field of conduction electrons. This contribution is

proportional to the exchange interaction between the con-

duction electrons and the localized spins and to the para-

magnetic susceptibility of the localized spin subsystem.

Equation 8b describes the temperature dependence of

the resonance magnetic field of the ESR signal of the

localized spins. It is a known expression for the resonance

field of a spin system bound with other spin system by the

exchange interaction [9]. The fact that Eq. 8b well

Fig. 5 Resonance magnetic fields of the EPR signals of conduction

electrons and localized centers in CN1.07 (a) and CN0.85 (b). The

dashed lines represent the values calculated using Eq. 8a
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describes the experimental data of the localized spin sub-

system confirms that the latter interacts with a part of the

conduction electron subsystem which is under conditions

of the ‘‘bottleneck’’. As follows from Table 2, this fraction

of conduction electrons is small because vP
(1)/C =

2.5 9 10-3 \\ vP/C.

The temperature dependence of the resonance magnetic

field for CESR in steel CN0.85 is presented in Fig. 5b. It

demonstrates a strong influence of some superparamagnetic

inclusions in the sample which cause local magnetic fields

on the conduction electrons. The temperature dependence

of Hres,e for conduction electrons is described by the tem-

perature function of the local magnetic field caused by

superparamagnetic clusters, i.e. by the Langevin function

L = coth(h/T) - T/h:

Hres;e ¼ Hð0Þres;e � B � ðcothðh=TÞ � T=hÞ: ð9Þ

Here, Hres,e
(0) is the resonance magnetic field for CESR in the

Fe-based alloys in the absence of any internal local

magnetic field; B = 4pMcl is the maximum local

magnetic field caused by a system of superparamagnetic

clusters with a magnetic moment M; h is the energy of an

individual superparamagnetic cluster in the temperature

units of which the magnetic moment under external

magnetic field H is M:

h ¼ MH=kB ¼ 2lBHN=kB; ð10Þ

where lB is the Bohr magneton, N is the number of spins in

the cluster, and kB is the Boltzmann constant.

The function (9) is shown in Fig. 5b by the dashed line

with the following values: Hres,e
(0) = 340 mT; B = 180 mT;

h = 200 K. By substituting h in (10), the number of

magnetic atoms in the cluster was estimated to be equal to

about 500 atoms, which corresponds to an average cluster

size of about 3 nm. Using the obtained B = 180 mT and

M = 0.92 9 10-17erg1/2 cm3/2, one can estimate the con-

centration of superparamagnetic clusters ncl = B/

(4pM) = 1.55 9 1019 cm-3. As only Mn can initiate the

superparamagnetism in the studied steels, the obtained ncl

suggests that, in fact, all Mn atoms are involved in the

formation of superparamagnetic clusters.

Thus, based on the obtained CESR spectra and their

analysis, one can conclude that all studied steels have a

high concentration of conduction electrons, which exceeds

that in austenitic nitrogen steels without carbon (see e.g. [2,

4]). At the same time, along with the single paramagnetic

centers of which the concentration Nloc is presented in

Table 2, superparamagnetic clusters, i.e. clusters of sub-

stitutional solute atoms, exist in the studied steels. For steel

CN0.85 their concentration is estimated at 1.55 9

1019 cm-3 and their size at about 3 nm.

Magnetic measurements

To clarify the unusual behavior of the EPR spectra below

86 K and the magnetic nonhomogeneities, we measured

the curves of static magnetization for steels CN0.85,

CN1.07, and C1.2 within a wide range of magnetic field.

The curves are given in Fig. 6a for steel CN0.85 at dif-

ferent temperatures and in Fig. 6b, c for steels CN1.07 and

C1.2 at a temperature of 300 K. A feature of these data is

the absence of magnetic saturation and the paramagnetic

character of magnetization. In Fig. 6a, one can see a neg-

ligible temperature dependence of the magnetic moment.

The magnetic moment M versus the magnetic field H can

be satisfactorily described for all steels by a combination of

a linear M(H) function and the Langevin function

M = const�(cotanh(MclH/kT) - kT/MclH), which is typical

for paramagnetism caused by superparamagnetic clusters.

For this reason, the curves in Fig. 6 were calculated

using the function:

M ¼ M0 � cotanh H=H0ð Þ � H0=Hð Þ þ H=H1 ð11Þ

with parameters M0, H0, and H1 presented in Table 3.

The constant M0 is equal to (glBNcl/q), where Ncl is the

concentration of clusters in the sample and q is the density

of the alloy. The H0 value in L(H/H0) is determined by kT/

(glBns), where ns is the number of paramagnetic spins in a

cluster. We suppose that all clusters have approximately

the same size. The linear function versus H could be pre-

sented by the Curie–Weiss paramagnetic susceptibility, as

well as by the Van Vleck atomic paramagnetism. In the

case of C–W susceptibility, H1 is determined from the

Curie law and is equal to 4kT/g2lB
2 NPC. It depends on

T linearly. The estimation of NPC shows that a value of

H1 = 7 T would be obtained if the concentration of para-

magnetic centers NPC is equal to about 3.4 9 1022 at

T = 305 K which is by one order larger than at T = 4.2 K

and thus impossible.

Thus, H1 does not depend on temperature and, therefore,

the C–W paramagnetism is not justified by the temperature

dependence of H1 at a magnetic field of H = 8 T. The only

kind of paramagnetic system with a linear function

M(H) and not dependent on T is the Van Vleck paramag-

netism [10]. In this case, M = vV–V�H = NaH where

a = lB
2 Rn(| \ 0|J|n[|2/Dn0) is the virtual transitions of the

angular moment between the atomic multiplet levels if

Dn0 [[ kT. All iron atoms take part in the formation of the

Van Vleck paramagnetic susceptibility. At smaller fields,

the C–W paramagnetic susceptibility becomes actual.

Using the above determinations, we can find the con-

centration of superparamagnetic clusters, Ncl, and the

average number of paramagnetic atoms in the clusters, ns,

for steels CN1.07, CN0.85, and C1.2:
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CN1:07 : Ncl ¼ 4:6 � 1019cm�3; ns ¼ 2; 570;

CN0:85 : Ncl ¼ 8:4 � 1019cm�3; ns ¼ 1; 012;

C1:2 : Ncl ¼ 3:5 � 1018cm�3; ns ¼ 2 � 104:

ð12Þ

The size of the superparamagnetic clusters can be

estimated using the number of paramagnetic atoms in the

cluster, ns. According to the obtained data, steel CN1.07 is

characterized by a low concentration of clusters, Ncl, with a

size of about 5 nm, whereas Ncl in steel CN0.85 is higher,

however, the clusters have a smaller size of about 3.5 nm.

The obtained data are consistent with those of CESR and

indicate a decrease of chemical nonhomogeneity in

CrMnCN austenitic steels with decreasing C/N ratio

The carbon steel C1.2 is characterized by the smallest

concentration of superparamagnetic clusters which have

the largest size of about 8 nm.

Small angle neutron scattering

In contrast to magnetization, the measurements of SANS

give information on the chemical nonhomogeneity. Fig-

ure 7 shows the differential cross section of neutron scat-

tering as a function of the scattering vector in the studied

steels. The scattering values are given in cm-1, i.e. in

absolute units. With this aim, a standard calibration of the

instrument was carried out using the scattering on a non-

coherent specimen, in this case on water.

In general, the CN steels are nearly homogeneous on a

mesoscopic scale, whereas the carbon Hadfield steel C1.2,

used for comparison, reveals a much higher nonhomoge-

neity of concentration.

The scattering data of steel CN0.96 are given in Fig. 8

in Guinier co-ordinates of the logarithmic intensity versus

q2. The fitting was carried out on six smallest values of

transferred impulses. Assuming a spherical geometry of the

nonhomogeneities, their size was determined at

R0 & 10 nm with an error of about 30%. Nearly the same

results were obtained for steels CN1.07 and CN 0.85.

The much higher scattering of steel C1.2 is character-

ized by a power impulse dependence, I * qn, where

n & –2.85, which is typical for volume fractal structures.

In this case, the maximum size of nonhomogeneities of

Fig. 6 Magnetic moment versus magnetic field in steel CN0.85 at

different temperatures (a). Fitted magnetic moment curves at 305 K

are presented for steels CN1.07 (b) and CN0.85 (c)

Table 3 Parameters in formula (11) for magnetization curves

Steel T, K M0, emu/g H0, T H1, T

CN1.07 300 0.12 0.08 7

CN0.85 300 0.22 0.2 6.7

CN0.85 240 0.23 0.2 6.5

CN0.85 100 0.23 0.2 7.1

CN0.85 50 0.22 0.15 7.1

CN0.85 4 0.24 0.2 7.2

C1.2 300 0.01 0.01 5.0

Fig. 7 Differential cross section of small angle neutron scattering

dR(q)/dq in steels CN1.07, CN0.96, CN0.85, and C1.2 as a function

of the scattering vector q
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concentration was obtained from the instrument resolution,

qmin B 3 9 10-2 nm-1. Correspondingly, the size of

inhomogeneities Rmax C (1/qmin) is equal to about 30 nm.

The comparison of these data with those of CESR and

magnetization shows that the size of chemical clusters is a

bit larger than that of the superparamagnetic ones.

Stacking fault energy as a tool for estimation

of concentration nonhomogeneity

Using local X-ray emission spectroscopy, the short-range

decomposition in neutron- and electron-irradiated CrNi

austenitic steels was studied in [11, 12]. It was shown that,

with a modulation wave of about several microns, the areas

enriched in iron and chromium alternate with those enri-

ched in nickel. As the electron irradiation does not change

the atomic interactions and only, due to enhanced diffu-

sion, assists thermodynamic equilibrium, it is clear that the

atomic distribution in austenitic steels is far from an ideal

solid solution.

In the present study, complementarily to the above-

described experiments, we used measurements of SFE in

order to obtain information on the effect of carbon ?

nitrogen or carbon on the chemical nonhomogeneity of

austenitic steels. Such measurements are also useful for

testing a possible correlation between the electron structure

and SFE in view of the data in [13] where an inverse

correlation was observed between SFE and the density of

electron states at the Fermi level in pure metals.

The results of measuring the dislocation splitting are

shown in Fig. 9 and the obtained values of the dislocation

Fig. 8 Differential cross section of small angle neutron scattering

dR(q)/dq in steel CN0.85 in Guinier co-ordinates

Fig. 9 Frequency curves of the measured dislocation node radius in austenitic steels: a CN1.07, b CN0.96, c CN0.85, and d C1.2

J Mater Sci (2011) 46:7725–7736 7733

123



node radius and SFE are presented in Table 4. The two

maxima of dislocation splitting in Fig. 9 give evidence of

short-range decomposition in the studied steels. The fitting

of the experimental data was carried out using the Gauss

distribution, which is natural for the statistical scattering of

the experimental data. One can see from Table 4 that the

homogeneity of the solid solution, estimated from DSFE, is

improved by a decreasing content of carbon in the CN

steels and consequently by a decreasing C/N ratio. It is

significantly worse in the carbon steel C1.2.

The obtained values of SFE in CrMnCN steels are

presented in Fig. 10 along with the data of the conduction

electron concentration which is proportional to the density

of electron states at the Fermi level, D(EF). Both SFE1 and

SFE2 are inversely proportional to the concentration of

conduction electrons, which is consistent with the tendency

observed in [13] for pure metals. It is relevant to note that

the same inverse relation between SFE and D(EF) was

observed in [14] for austenitic CrMn steels with nitrogen,

whereas a direct proportionality occurred in steels addi-

tionally alloyed with nickel.

Discussion

The main question is how the C/N ratio of austenitic

CrMnCN steels affects their chemical homogeneity. The

following analysis can be made based on the results

obtained by measuring the electron spin resonance, mag-

netization, small angle neutron scattering, and stacking

fault energy.

In comparison with nitrogen steels studied in [1, 2], the

carbon ? nitrogen ones are characterized by an increase in

the concentration of free electrons. This enhancement of

the metallic character of interatomic bonds is obviously

responsible for a higher impact toughness of C ? N steels

and a decrease in the temperature of ductile-to-brittle

transition, as obtained in [15].

The data presented in Table 2 show that the concen-

tration of free electrons generally increases with a

decreasing C/N ratio, also there is no remarkable difference

between steels CN0.96 and CN0.85, which points to some

optimum of the C/N ratio. The data of CESR (Sect. 3.3.2)

and magnetization (Sect. 4) show also that, with a

decreasing C/N ratio, the density of clusters increases,

whereas their size decreases. In other words, the atomic

distribution becomes more homogeneous, which suggests a

tendency to the short-range atomic ordering. This result is

consistent with earlier data on the correlation between the

metallic character of interatomic bonds and atomic distri-

bution in austenitic steels with nitrogen or carbon [16] and

allows to suggest that, at an appropriate C/N ratio, the

alloying with carbon ? nitrogen should increase thermo-

dynamic stability of austenitic steels. As an indirect con-

firmation of this, one can refer to the data [17] on the

martensitic steel of Cronidur-30 type containing (mass%)

15Cr, 1.0Mo and 0.6C or 0.62N or 0.29C ? 0.35N. After

an equal solution treatment at 1,100 �C and quenching in

water, the substitution of carbon by nitrogen increased the

fraction of retained austenite from 27 to 51%, whereas 71%

of retained austenite was obtained in the case of combined

alloying with C ? N.

A correlation between the atomic interaction and atomic

distribution is also confirmed by the markedly increased

size of clusters in Hadfield steel C1.2 (see the data of

magnetization in Sect. 4 and SANS in Sect. 5) in combi-

nation with the absence of a CESR signal in this steel,

which gives evidence of an extremely low concentration of

free electrons. As a result, the Hadfield steel has a rather

low stability in relation to precipitation at low temperature

heating in comparison with austenitic steels containing

nitrogen or carbon ? nitrogen.

In view of the low concentration of free electrons in

Hadfield steel, i.e. the prevailing covalent character of

interatomic bonds, a special comment can be given in

relation to its good impact toughness, though it is smaller

in comparison with austenitic steels containing nitrogen or

carbon ? nitrogen (see, e.g. [15]). The stacking fault

Table 4 Dislocation node radius, y, and SFE

Steel y1,

nm

y2,

nm

SFE1,

mJ/m2
SFE2,

mJ/m2
DSFE,

mJ/m2

CN1.07 7.3 10.2 59 43 17

CN0.96 11.5 16.0 38 27 11

CN0.85 10.0 12.0 43 36 7

C1.2 6.4 10.6 68 41 27

Fig. 10 Stacking fault energies and concentration of conduction

electrons in CrMnCN steels versus C ? N content in at.%
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energy of about 50 mJ/m2 of C1.2 (see [18]), which is not

favorable for strain-induced c ? e transformation. The

decrease in dislocation mobility due to carbon-enhanced

covalent bonds, which locally increases the shear modulus

within the carbon clouds around dislocations, should create

appropriate conditions for the extremely intensive twinning

in cold-worked Hadfield steel. In fact, this steel is a good

example of the TWIP effect, which is the true reason for its

tough mechanical behavior. As shown in [18], such an

intensive twinning is not observed in austenitic steels

containing nitrogen or carbon ? nitrogen.

The discrepancy between the data of cluster size

obtained by CESR, magnetization, and by SANS needs

special comments. According to the CESR and magneti-

zation data, the size of clusters is changed from 5 nm in

steel CN1.07 to 3 nm in CN0.85. SANS measurements

give a size of about 10 nm with an error of nearly 30% for

all CN steels and about 30 nm for steel C1.2.

It should be noted that the resolution limit for SANS in

relation to chemical nonhomogeneity amounts to about

5 nm and, as follows from Fig. 7, the error of measurement

for CN steels is rather large. Thus, the difference between

the data for CN steels obtained from magnetic measure-

ments and those using SANS could be related to the errors

in determining a cluster size near the limit of SANS res-

olution. However, the discrepancy between the size of

clusters in Hadfield steel, as obtained from SANS and

magnetic measurements, cannot be explained so easily.

One reason may be the difference in the local enrich-

ment of substitutional solutes in superparamagnetic clus-

ters and zones of enhanced neutron scattering. The

exchange interaction between Mn and Cr atoms is suffi-

ciently strong to polarize magnetic moments, i.e. to form

superparamagnetic clusters, but weakens as the concen-

tration of these elements decreases at the periphery of

chemical nonhomogeneities. At the same time, an enrich-

ment in Mn and Cr can be sufficient for an enhanced

scattering of neutrons beyond the limits of superparamag-

netic clusters.

Finally, let us discuss the applicability of SFE mea-

surements for the estimation of chemical nonhomogene-

ities in solid solutions. The distance between the frequency

maxima of the triple node radius in Fig 9, see also DSFE in

Table 4, decreases with a decreasing C/N ratio points to a

higher homogeneity, which is consistent with the data of

concentration nonhomogeneities obtained using other

experimental methods.

Conclusions

1. A high concentration of conduction electrons is

obtained in the austenitic CrMnCN steels CN1.07,

CN0.96, and CN0.85, which evidences an enhanced

metallic character of interatomic bonds. It is impossi-

ble, though, to obtain a signal of conduction electrons

in the MnC Hadfield type steel C1.2 because of their

low concentration.

2. The temperature dependence of the resonance mag-

netic field of CESR indicates the presence of super-

paramagnetic clusters (clusters of atoms with a large

total magnetic moment) which, in fact, are the clusters

of Cr and Mn atoms. In consistency with CESR data,

the magnetic measurements show that steel CN1.07

has a lower concentration of clusters in comparison

with steel CN0.85, however, the clusters in the latter

have a smaller size indicating that the chemical

nonhomogeneity decreases with a decreasing C/N

ratio.

3. According to the data of small angle neutron scatter-

ing, the chemical nonhomogeneity of the CrMnCN

steels is nearly the same with an error of about 30%

but it is much higher in the MnC steel.

4. According to the EPR data, a striking change of

magnetic properties occurs in steel CN0.85 at temper-

atures below 86 K. The absorption of the microwave

power signal demonstrates a large dispersion, which

indicates a large spreading of the magnetic moments

and orientations of superparamagnetic moments due to

local magnetic fields caused by superparamagnetic

clusters. Based on the measurements of static magne-

tization, this phenomenon was interpreted in terms of

blocking of the superparamagnetic moments.

5. Using TEM, two maxima of dislocation splitting are

obtained, which correspond to two different values of

the stacking fault energy. This result suggests that the

chemical homogeneity is improved as the C/N ratio

decreases, which is consistent with the data obtained

using other experimental methods. An inverse propor-

tionality is found between the stacking fault energy

and the concentration of conduction electrons in the

CrMnCN steels.
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